Growing cultures and washed mycelium of Trichoderma viride produced acrylate and acetate from allyl alcohol.
Although allyl alcohol has been used as a herbicide and soil fumigant for about 20 years, little is known about its metabolism by the soil microflora. JENSEN (1) found that allyl alcohol was available as a carbon source for certain strains of Pseudomonas fluorescens, Nocardia corallina, Azotobacter vinelandii, A. insigne, and the fungus Trichoderma viride; the first and last groups seemed to be the most important for detoxication of allyl alcohol in soil. From studies based on the principle of simultaneous adaptation, JENSEN (2) concluded that acrylic acid was an intermediate in allyl alcohol metabolism by Pseudomonas fluorescens and Nocardia corallina.
Furthermore, some isolates metabolizing allyl alcohol accumulated an organic acid which was tentatively identified as acrylic acid. The present paper reports investigations on the metabolism of allyl alcohol by a strain of Trichoderma viride isolated from soil treated with allyl alcohol. A previous paper (3) described the effect of changes in the composition of the medium on allyl alcohol utilization by this fungus growing in simple, defined media. 41 JACKSON VOL. 19 
METHODS
The strain of Trichoderma viride used in this work was isolated from soil and maintained as described previously ( 3).
Medium. The medium had the following composition (per liter) : KH2P04, 13.6 g ; NH4Cl, 1.34 g ; MgS04.7H20, 0.49 g ; FeC13.6H20, 13 mg ; CaCl2.2H20, 15 mg ; ZnCl2, 14 mg ; MnC12.4H20, 4 mg ; CuC12.2H20, 0.3 mg ; CoC12.6H2O, 0.5 mg ; Na2Mo4.2H20, 12 mg ; pH adjusted to 5.5-5.6 with NaOH (2 M). One hundred ml of this medium was dispensed into 500-m1 Erlenmeyer flasks and autoclaved at 115° for 15 min. Glucose was autoclaved separately as a 10% (w/v) solution.
Allyl alcohol (0.5 to 0.7 ml) and glucose solution (0.5 ml) were added aseptically to each 100 ml of sterile mineral medium.
Materials. Petroleum ether and 2, 4-dinitrophenylhydrazine were purified to give low blank values in neutral carbonyl estimations ( 4 ). Petroleum ether (G.R. ; boiling range 60-80°, E. Merck, Darmstadt) was shaken several times with 0.1 volume of conc. H2S04, then with water, 2 M NaOH, and again with water.
The petroleum ether was then shaken twice with 0.1 volume of a 0.1% (w/v) solution of 2, 4-dinitrophenylhydrazine (AR. ; British Drug Houses Ltd., Poole, Dorset) in 2 M HC1, then twice with conc. H2S04 to remove any residual hydrazine, and finally with water. The solvent was dried over NaOH pellets and distilled through a 40-cm column of glass helices ; the fraction boiling from 60 to 70° was used. A freshly prepared solution of 2, 4-dinitrophenylhydrazine [0.2% (w/v) in 2 M HCI] was shaken three times with 0.05 volume of purified petroleum ether to remove coloured material that would otherwise be extracted with 2, 4-dinitrophenylhydrazones.
Pyruvic acid was distilled in vacuo and a 0.1 M stock solution was stored in a refrigerator. 3-Hydroxypropionic acid was prepared by hydrolysis of , -propiolactone (5) and a molar stock solution was stored frozen. Malonic semialdehyde was prepared, as required, by the method described by ROBINSON and COON (6) . Silica gel for chromatography (May and Baker Ltd., Dagenham, Essex) was purified by washing successively with conc. HCI, 5 M HCI, water, and 95% ethanol.
The gel was heated for 24 hr at 105° and then stored over P205. Allyl alcohol was purified as previously described (3).
Inoculum. Inoculum was prepared as described previously (3). Preparation of washed suspensions.
Mycelium was grown at 25° on a rotary shaker for 45-48 hr unless stated otherwise.
The mycelium was collected on a sintered glass filter, washed twice with 100 ml 0.1 M KH2P04 and blended with an appropriate volume of the same buffer in a Sorvall Omnimixer (Ivan Sorvall, Inc., Norwalk, Conn., U.S.A.) at about 9,000 rpm for 15 sec.
Starved mycelium.
To reduce the level of endogenous substrates for some experiments, the mycelium was incubated in buffer on a shaking machine for 1.5 to 2 hr. To ensure adequate aeration, the blended suspension was diluted to 25-40 mg wet mycelium per ml and not more than 100 ml of the Allyl Alcohol Metabolism  in Trichoderma  viride   43 suspension dispensed into 500-m1 Erlenmeyer flasks. At the conclusion of the starvation period the mycelium was collected on a sintered glass filter and blended for 5 sec in sufficient fresh buffer to give 40-75 mg wet mycelium per ml. Manometric experiments.
Oxygen consumption by washed suspensions of mycelium was measured in a Warburg apparatus by conventional procedures ( 7 ), with 0.2 ml of 20% (w/v) KOH placed in the centre well. At the conclusion of the incubation period the contents of the main compartment of each Warburg flask were transferred to centrifuge tubes, cooled in ice, and acidified with 3 ml of 0.15 M H2SO4. After keeping overnight at 0-2°, the suspension was centrifuged and the supernatant stored at 0-2° until assayed. Assay of allyl alcohol.
Allyl alcohol was estimated by gas-liquid chromatography as previously described ( 3).
Assay of neutral carbonyls and total oxo acids. These substances were estimated in the same sample using a method based on those of LAWRENCE ( 4 ) and FRIEDEMANN ( 8 ). Samples (3.0 ml) were mixed with 1 ml of the purified 2, 4-dinitrophenylhydrazine reagent in glass stoppered test-tubes and allowed to stand for 30 min. After the addition of 4.0 ml of purified petroleum ether, the tubes were inverted 20 times. When the layers had separated the petroleum ether was drawn off and its extinction measured at 420 nm. At low extinctions a wavelength of 350 nm was used to give greater sensitivity. For the estimation of oxo acids, 6.0 ml of ethyl acetate was added to the aqueous layer and the tubes shaken about 20 times, the phases allowed to separate, and the aqueous layer withdrawn.
After addition of 5 ml of 1 M Na2CO3 to the ethyl acetate layer, the tubes were shaken again. When the phases had separated, 4.0 ml of the aqueous phase was withdrawn and transferred to dry tubes. At timed intervals, 4.0 ml of 1.5 M NaOH was added to the carbonate extract and the extinction measured at 435 nm. Acetone was used as a standard for neutral carbonyls and pyruvic acid as the oxo acid standard.
Preparation and extraction of 2, 4-DNP-hydrazine derivatives of oxo acids. The method of HODGSON and MCGARRY (9) was used except that the temperature of the various solutions was kept near 4° to minimize decomposition of any malonic semialdehyde present (10). The 2, 4-DNP-hydrazones were chromatographed on Whatman No. 1 paper using the solvent system of EL HAWARY and THOMPSON (11).
Absorption spectra of unknown oxo-acid 2, 4-dinitrophenylhydrazones dissolved in 1 M Na2CO3i 1 M Na2CO3-1.5 M NaOH (1 : 1, v/v) or 1 M Na2CO3-2 M NaOH (4: 1 v/v) were recorded in the range of 350-600 nm and compared with spectra of authentic specimens of known derivatives measured under identical conditions.
Determination of pyruvate and 2-oxoglutarate. These acids were determined concurrently by a method based on that of KOEPSELL and SHARPE (12).
Samples (1.0 ml) were mixed with 1.0 ml of freshly prepared 2, 4-DNPhydrazine reagent (0.1% w/v in 2 M HCl) and incubated at 25° for 25 min. Six ml of ethyl acetate was added and the tubes inverted about 20 times. When
the phases had separated, the aqueous layer was discarded. Five ml of 1 M Na2CO3 was added to each tube and the contents again mixed by inversion. Four-ml samples of the aqueous phases were withdrawn and the extinction measured at 400 nm. At timed intervals 1.0 ml of 2 M NaOH was added to each of these samples and mixed immediately.
After 15 min the extinction was measured at 475 nm. The amounts of pyruvate and 2-oxoglutarate were calculated using simultaneous equations derived from standards included in each set of analyses.
Volatile acids were determined by titration, following steam-distillation, and identified by gas-liquid chromatography.
Samples (2.0 or 5.0 ml) were mixed with an equal volume of 1 M KH2PO4 which had been brought to pH 3.5 by addition of H3P04, and steam-distilled until 75 ml had been collected (13 ). The distillate was aerated for 3 min with C02-free N2 and titrated with 0.1 M NaOH to pH 7.5. Further NaOH was added to pH 8.5, the distillates concentrated by boiling, and finally taken to dryness at 95-100° in a stream of N2. The residue was acidified with 0.2 M H3P04 (0.1 ml) and the free acids analysed in a gas chromatograph (model 609 flame ionization ; Hewlett-Packard F & M Scientific Division, Pa., U.S.A.).
The instrument was modified to allow injection of the sample onto a plug of silanized glass-wool at the beginning of the column. The stainless steel column (150 cm x 1.5 mm) was packed with diethylene glycol succinate (20%, w/w) and orthophosphoric acid (2%, w/w) adsorbed on a silanized acid-and base-washed diatomaceous earth (Anakrom ABS ; Analabs Inc., North Haven, Conn., U.S.A.). The flow rate of nitrogen carrier-gas was 15 ml/min, the column temperature 130°, and the detector 145°.
Non-volatile organic acids were estimated by a procedure adapted from that described by FRAZEUR (14) .
The sintered plate of a glass chromatographic column (10 x 1 cm) was covered with a filter paper disc. Silica gel (0.6 g) was mixed thoroughly with 0.3 ml water and transferred to the column with the aid of a little water-saturated CHC13. A filter paper disc was placed on the surface to separate the first and second sections.
The second section of the column was formed in a similar manner with a mixture of 1.2 g of silica gel and 0.6 ml of 0.25 M H2SO4. Volatile acids were removed from samples by acidification with HCl and repeated evaporation in vacuo over a mixture of NaOH and CaC12. The residue was dissolved in 0.5 ml of water, mixed with 1.2 g silica gel, and added as the third section of the column. Acids were eluted with 75 ml of chloroform-butanol (3 : 2, v/v) previously equilibrated with 0.25 M H2SO4. Fractions (10 ml) were collected, 2 ml of ethanolic Bromthymol Blue (0.003%) added, and titrated under C02-free N2 with a solution of 0.02 M KOH in isopropanol.
A blank titration value was determined from an identical column containing no sample.
Column chromatography o f organic acids.
The column was similar to that described for determination of non-volatile acids except that the second section consisted of 4.5 g of silica gel and 2.25 ml 0.25 M H2SO4. The mixed Duplicate flasks were removed at various periods and pH (s) measured. Cultures (140 ml) were cooled to 0°, mixed with 2.0 ml of 2.5 M H2SO4 and kept at 0-2° overnight.
The mycelium was sedimented and the supernatants analysed for allyl alcohol (0), steam-volatile acids (A), non-volatile acids (e), and total oxo acids (mole pyruvate equiv.) (0). JACKSON VOL. 1 9 being acetic acid. Considerably smaller amounts of oxo-acids and other nonvolatile acids were produced also. Partition chromatography on silica gel indicated that the non-volatile acid fraction contained several components with overlapping peaks. Only trace amounts of neutral carbonyl compounds were found.
Allyl alcohol utilization by washed suspensions
Effect of phosphate concentration in growth medium. When Trichoderma virile was grown in media with phosphate levels ranging from 10 to 100 mM, the resulting samples of mycelium utilized allyl alcohol at about the same rate when compared on a dry weight basis.
Effect of age of mycelium. Batches of mycelium grown for 24 or 48 hr utilized allyl alcohol at about the same rate when compared on a dry weight basis.
Effect of pH. The optimum pH for allyl alcohol consumption varied from one batch of mycelium to another.
As might be expected with intact myce lium, the optima were broad but usually centred between pH 4 and 5.
Effect of phosphate concentration. Allyl alcohol utilization by washed mycelium was not affected by varying the phosphate concentration within the range of 10 to 100 mM at pH 4.6 and in all subsequent experiments 0.1 M KH2PO4 (pH 4.6) was used as the suspending medium.
Effect of glucose. Previous work (3) had shown that allyl alcohol utilization by growing mycelium increased with increasing glucose concentration up to 1 g/liter but, with resting mycelium, glucose had no effect on allyl alcohol uptake.
Metabolic products of washed suspensions
Some of the chemical changes during the incubation of resting mycelium with allyl alcohol are shown in Fig. 2 . After a slight lag during the first hour, allyl alcohol utilization was linear with time.
For about the first 4 hr almost half the allyl alcohol consumed appeared as acrylate ; the rate increased in the later stages of the incubation so that after 6 hr the accumulated acrylate accounted for more than half the substrate consumed.
Acetate also was produced but never comprised more than 4% of the total volatile acids. Small amounts of oxo-acids accumulated in the incubation mixtures for the first 2 hr but then remained almost constant for the remainder of the incubation period. Only trace amounts of neutral carbonyl compounds were found..
Respirometric experiments
Preliminary experiments showed that the mycelium had a high rate of endogenous respiration, a characteristic of many fungi. The problems of respirometric studies with fungi having high rates of endogenous respiration have been reviewed by COCHRANE (15) and by BLUMENTHAL (16).
Starvation of mycelium prior to respirometric studies has often been used. mM but declined by 6% at 53 mM and 13% at 106 mM. Each flask, containing washed mycelium and 750 j moles of allyl alcohol in a total of 15 ml of 01 M KH2P04i was incubated at 25° with snaking. Flasks were removed at various periods, cooled to 0°, mixed with 1.0 ml of 2.5 M HZSO4, and kept at 0 to 2° overnight.
The mycelium was sedimented and the supernatants analysed.
®, allyl alcohol consumed ; s, acrylic acid ; A, total oxo acids (moles pyruvate equiv.). JACKSON VOL. 19 Oxidation of possible intermediates Oxygen consumption by washed, non-proliferating mycelium in the presence of some possible intermediates is shown in Fig. 3 . With pyruvate, DL-lactate, and 3-hydroxypropionate, oxygen consumption was a little above the endogenous level. Oxygen uptake with solutions of malonic semialdehyde prepared by the method of ROBINSON and COON (6) showed no lag and was slightly greater than that with allyl alcohol. These solutions of malonic semialdehyde contain 3 moles of ethanol and 12,5 moles of chloride per mole of semialdehyde; furthermore, malonic semialdehyde is unstable and readily decomposes to carbon dioxide and acetaldehyde.
Rates of oxygen uptake with ethanol, acetaldehyde, or allyl alcohol were similar, while addition of 125 ~emoles of KC1 with ethanol increased the rate of oxygen consumption to that found for the (Fig. 4) . Acrylate (17 mM) and acetate (17 mM) inhibited respiration to low levels .
Inhibition by arsenite
Oxygen uptake by suspensions of washed mycelium in the presence of allyl alcohol was inhibited by arsenite at concentrations greater than 0.1 mM (Fig. 5) . With 1 m: arsenite, washed suspensions accumulated small amounts of neutral carbonyls, acrylate production doubled (Table 1) , and appreciable amounts of oxo-acids were detected.
Partition chromatography of the acids on silica gel and paper chromatography, and spectrophotometry of the 2, 4-DNP-hydrazones showed that the oxo-acid fraction consisted largely of pyruvate with only traces of 2-oxoglutarate.
The treatment described in Table  1 , in which both substrate and arsenite were present, was repeated on a large scale for the purpose of identifying other acidic products.
The organic acids were separated by partition chromatography on silica gel but only trace Each flask contained 0.1 M potassium phosphate buffer, pH 4.6, substrate as indicated, and starved mycelium (150 mg wet wt.) The total liquid volume was 3.0 ml. ®, no added substrate ; A,10 j moles of ethanol, acetaldehyde, or allyl alcohol; LI,10 ~Cmoles of malonic semialdehyde prepared according to RoBINSON and CooN (6) Each flask contained 0.1 M potassium phosphate buffer, pH 4.6, 150 pmoles allyl alcohol (except for ®) and starved mycelium (150 mg wet wt). ®, no allyl alcohol or arsenite ; A, 10 mM arsenite ; 0, 1 mM arsenite ; 0, 0.1 mM arsenite ; 0, no arsenite. Table 1 . Effect of 1 mM arsenite on the production of acrylate and neutral carbonyls by mycelium of T. viride.
Each flask contained 50 mM potassium phosphate buffer, pH 4.6, starved mycelium (0.8 g wet wt.), and other additions as indicated, in a total volume of 18.0 ml. Suspensions were incubated at 25° for 2 hr, with shaking, and then prepared for analysis as described for Fig. 2 Figure  6 shows the effect of 1 mM arsenite on the rate of oxygen consumption with allyl alcohol or ethanol as substrates. ,moles of substrate and/or 1 mM arsenite as indicated (except for 0) and starved mycelium (80 mg wet wt). The total liquid volume was 3.0 ml. A, allyl alcohol; A, allyl alcohol plus arsenite; ®, ethanol; LI, ethanol plus arsenite; ®, no added substrate or arsenite; 0, arsenite. and twice that with only endogenous substrates. 
Oxidation of citric acid cycle intermediates
Oxygen uptake by washed mycelium in the presence of citrate, 2-oxoglutarate, succinate, or fumarate exceeded the endogenous level only after a lag of at least 40 min.
DISCUSSION
The accumulation of appreciable amounts of acrylate in growing cultures ( Fig. 1 ) and washed suspensions (Fig. 2) of Trichoderma viride metabolizing allyl alcohol indicates that acrylyl-CoA and possibly free acrylate are intermediates in the degradation of the alcohol. An activation step, presumably the formation of acrylyl-CoA, probably precedes further metabolism of acrylate. It is conceivable, however, that acrylate is a by-product formed by the action of an acyl-CoA hydrase on acrylyl-CoA produced directly from acrylaldehyde. Several pathways for the conversion of acrylyl-CoA into compounds which could be further metabolized via the citric acid cycle have been described, mainly in connection with propionate metabolism (18 ).
Evidence about the pathway operating in T. viride could not be obtained by manometric application of STANIER's simultaneous adaptation theory (19 ) because oxygen uptake in the presence of possible intermediates was little higher than the endogenous level (Fig. 3) . The accumulation of pyruvate in the presence of arsenite (Tables 2 and 3) suggests that allyl alcohol is oxidized via pyruvate, rather than malonic semialdehyde or malonic semialdehyde-CoA. However, the colourless flagellate, Polytomella caeca, which oxidizes propionate via the malonic semialdehyde pathway, accumulates pyruvate and 2-oxoglutarate in the presence of arsenite but not the expected malonic semialdehyde (20). The existence of a similar situation in T. viride would mean that the pyruvate produced by metabolism of allyl alcohol had been formed via acetate rather than directly through acrylate and lactate.
Oxidation of acrylate by the lactate or malonic semialdehyde pathways would lead to acetate (or acetyl-CoA) (18) and it is reasonable to assume that ethanol is oxidized via acetate by the mycelium used in this work. The results in Table 1 in conjunction with Fig. 2 indicate that more than 80% of the allyl alcohol consumed in the presence of arsenite accumulates as acrylate.
Most of the ethanol consumed must, at least, reach the level of acetate since the aldehyde-oxidizing system is not appreciably inhibited by arsenite (Table 1) . Therefore, the amount of carbon available for pyruvate formation via acetate would be less from allyl alcohol than from ethanol, for each mole consumed ; this is consistent with the production of less 2-oxoglutarate from allyl alcohol than from ethanol (Tables 2 and 3) .
The results of simultaneous comparisons of allyl alcohol and ethanol metabolism by arsenite-inhibited mycelium (Tables 2 and 3) are consistent with a direct path for pyruvate production and it can be concluded that allyl alcohol is oxidized by a pathway in which acrylate, lactate, or their aryl-CoA esters, and pyruvate are intermediates. 
